We show that high quality tensile-strained n-doped germanium films can be obtained on InGaAs buffer layers using metal-organic chemical vapor deposition with isobutyl germane as germanium precursor. A tensile strain up to 0.5% is achieved, simultaneously measured by x-ray diffraction and Raman spectroscopy. The effect of tensile strain on band gap energy is directly observed by room temperature direct band gap photoluminescence.
Laser emission has recently been demonstrated under optical pumping at room temperature using germanium, an indirect band gap material, as the active layer. 1 This result sets a new paradigm for silicon photonics as efficient optical sources made of group IV materials have long been considered as a dead end. Two main features can explain that a net optical gain has been obtained with germanium. The first one is the application of a tensile strain which lowers the energy difference between the indirect L valley and the zone center ⌫ valley. Meanwhile, the tensile strain lifts the degeneracy between heavy hole and light hole valence bands. Consequently, strong optical gain has been theoretically predicted for tensile-strained materials using either effective-mass approaches [2] [3] [4] [5] or a 30 band k · p formalism. 6 The second feature is associated with the n-type doping of the germanium which leads to a more efficient population of the zone center ⌫ valley and an enhanced optical recombination at Brillouin zone center. 7, 8 The direct growth of germanium on silicon substrate leads to a tensile strain around 0.25%. 9 However, the optical gain is expected to be larger as the tensile strain is increased, a direct band gap material being even predicted for a tensile strain around 2%. 10 Several approaches have thus been investigated to apply a significant strain on germanium, larger than the one resulting from the difference of thermal expansion coefficients between germanium and silicon. The growth on GeSn buffer layers has been considered by Menendez and co-workers. 11, 12 Mechanical deformation of Ge films has been shown to be an effective method to tailor ex situ the properties of germanium membranes or microresonators. 4, 13, 14 A third option is to grow the germanium films on III-V buffer layers with a lattice constant larger than the one of germanium. This approach has been first demonstrated by Bai et al. 15 by growing germanium on relaxed InGaAs buffer layers. Even if the growth of Ge on InGaAs requires a III-V material, i.e., not an approach using only group IV elements, it exhibits several advantages.
Strong tensile strains, larger than 0.25%, can be obtained by this technique thus leading potentially to enhanced optical recombination properties and lower thresholds for lasers. The growth on template layers can also be considered as an intermediate processing step before bonding as it is done to obtain tensile-strained silicon layer on insulator through the growth on GeSi buffer layers.
In this letter, we show that tensile-strained n-doped Ge layers with high optical quality can be obtained by growth on InGaAs buffer layers. The samples were grown on GaAs substrates by metal-organic chemical vapor deposition. One crucial aspect resides in the growth of germanium in a III-V reactor since the Ge/InGaAs/GaAs structure involves both III-V and group IV elements. For this, a suitable metalorganic precursor is necessary. Ge growth is obtained by using the novel isobutyl germane ͑IBGe͒ source, developed by Rohm and Haas. 16, 17 IBGe is a liquid metal-organic precursor safer than GeH 4 and compatible with the III-V gas exhaust system. Ge and InGaAs growth is performed in a low pressure ͑70 Torr͒ metal-organic vapor phase epitaxy system ͑VEECO D180͒ by using hydrogen ͑H 2 ͒ as carrier gas. Trimethyl-indium, trimethyl-gallium, and arsine ͑AsH 3 ͒ are used as In, Ga, and As precursors. InGaAs templates of around 1 m thickness, with different In contents were grown on GaAs͑100͒ substrate at 650°C. The InGaAs templates are expected to be plastically relaxed on GaAs substrate and free of extended defects. An AsH 3 flow is maintained before the Ge growth to prevent As desorption from the template. The growth temperature is 650°C and the bubbler conditions for IBGe are 5°C, 600 Torr, and 100 SCCM ͑SCCM denotes standard cubic centimeter per minute at STP͒ flow. An AsH 3 flow is also supplied during Ge growth to realize high n-doped layers. In these conditions a free electron density of 2.2ϫ 10 19 cm −3 , at room temperature, is measured.
The structure of the 50 nm thick Ge layer deposited on the In-richest InGaAs buffer was investigated using a JEOL 2200 FS transmission electron microscope ͑TEM͒/scanning TEM ͑STEM͒ equipped with a Cs-probe aberration corrector. Figure 1͑a͒ shows whole structure. The InGaAs layer appears free of extended defects. The dislocations accommodating the lattice mismatch are well located at the interface between the InGaAs buffer layer and the GaAs substrate. No threading dislocations in the Ge/InGaAs layers are observed over wider zones. Figure 1͑b͒ shows Z-contrast high angle annular dark field ͑HAADF͒ images collected in the STEM mode. In the low magnification image ͑inset͒, due to their relative Z numbers, the Ge layer appears with a darker contrast than the InGaAs layer. The high magnification image shows the very good lattice continuity at the Ge/InGaAs interface. The InGaAs thickness is 1.21 m, while the Ge layer is 47.5 nm thick, in agreement with the expected values.
The composition and strain of InGaAs and Ge were determined by high resolution XRD reciprocal space mapping ͑HRXRD-RSM͒ collected with a Rigaku smartlab diffractometer equipped with a rotating anode. 004, 224, and Ϫ2-24 RSMs were collected along the four ͗110͘ azimuthal directions. Multidirectional space mappings allow to eliminate the effect of potential lattice misorientations. Figure 2 shows RSMs collected along the same azimuthal direction around the ͑004͒ diffraction area ͑a͒ and around the 224 diffraction area ͑b͒ on the 50 nm thick Ge layer deposited on the Inrichest InGaAs buffer. The InGaAs and Ge layer patches are narrow, overall in the horizontal direction ͑0.15°for the plastically relaxed InGaAs thick buffer layer͒, sign of a good crystalline structure. The map around ͑004͒ direction provides the value of "c" lattice parameter parallel to the growth direction. Combining the ͑224͒ map with the one along ͑004͒ direction makes the measurement of the "a" lattice parameter, parallel to the surface, possible. The In concentration and strain relaxation ratio of the buffer were deduced from the lattice parameters and the elastic constants of InAs and GaAs references. For the three investigated samples, the InGaAs buffer layers were almost fully plastically relaxed ͑94% relaxation for the 4.8 and 8% In-rich buffers and 80Ϯ 3% relaxation for the 9.8% In-rich buffer͒. Due to the vicinity of the Ge and GaAs 004 diffraction spots, it was difficult to determine the Ge lattice parameters for the samples with low indium content. They were determined accurately only for the sample with the In-richest InGaAs buffer. The Ge and InGaAs in-plane "a" lattice parameters are equal indicating that the Ge layer is lattice matched with the InGaAs buffer. It confirms the good quality of the interface observed by TEM/STEM. Out-of-plane and in-plane lattice parameters are equivalent for the four ͗110͘ in-plane azimuthal directions. The deformation of tensile-strained germanium is thus purely tetragonal. For the sample grown on the 9.8% In-rich buffer, the parallel and vertical lattice parameters for tensile-strained germanium are 0.5685 nm and 0.5637 nm, respectively. These parameters are linked through the tetragonal strain relation Ќ =−2͑C 12 / C 11 ͒ ʈ , where
Using a ratio 2͑C 12 / C 11 ͒ = 0.698, one deduces a bulk germanium lattice constant of 0.56 571 nm, in very close agreement with the published lattice constant value of germanium. The in-plane strain ʈ = xx = yy is 0.5% for this sample corresponding to a full strain transfer from InGaAs to Ge.
The strain state of the germanium layer was independently measured by Raman spectroscopy at 514 nm in backscattering geometry. 12, 15, 18 The strain is deduced from the downshift in the Raman peak as compared to bulk germanium according to the relation ⌬ = −415 ʈ ͑cm −1 ͒ for a biaxial deformation. 15 For the sample with a 9.8% indium content, a downshift of 2.3Ϯ 0.02 cm −1 was measured corresponding to an in-plane tensile strain of 0.554% Ϯ 0.005%. The strain levels of the 4.8% and 8% In-content samples, 0.26% and 0.45%, respectively, were found to be lower, as expected, and independent of the Ge layer thickness ͑25 or 50 nm͒. Figure 3 shows the room temperature photoluminescence spectra of n-doped tensile-strained germanium grown on different buffer layers. The spectra are measured with a PbS detector, thus, allowing to cover a large spectral range without detector cutoff. The indium contents of the buffer layers are indicated on the figure. The direct band gap radiative recombination of tensile-strained germanium is observed at room temperature, a feature not reported in previous studies of germanium on InGaAs buffers. 15, 18, 19 This is particularly important as these layers are grown in order to achieve laser emission. The direct band gap dominates as the layer thickness is small and no significant reabsorption occurs. The photoluminescence shifts to longer wavelength as the tensile strain is increased. A shift of 103 nm as compared to relaxed germanium is observed for the sample with an 9.8% indium composition ͑top spectrum͒. The peak of the recombination of the strained layer is associated with the heavy hole band even if the light hole band is lower in energy for tensilestrained germanium, as shown in Ref. 13 . Nonetheless, the recombination with the light hole band contributes to the broadening of the recombination as strain is increased. The in-plane tensile strain in the germanium layer can be deduced from the photoluminescence redshift according to the rela- tion as obtained from a 30 band k · p formalism 20, 21 and the material deformation parameters ⌬E PL = −7.8ϫ ʈ ͑eV͒, where ʈ = xx = yy is the biaxial in-plane strain. 13, 22 Figure 4 shows a comparison between the experimental in-plane strain values as a function of the in-plane lattice parameter of the buffer layer measured experimentally. A good agreement is obtained between the three methods. One can observe that at high indium content, the strain deduced from the photoluminescence measurement ͑0.64%͒ is slightly larger than the one deduced by Raman or XRD. An uncertainty exists for the exact position of the heavy hole photoluminescence maximum since the recombination is particularly broad. An 8 meV uncertainty on the photoluminescence maximum difference corresponds to an error bar of 0.1% for the biaxial strain. Sample inhomogeneities might contribute to the discrepancy. An uncertainty also exists on the values of deformation potentials for tensile-strained Ge. 22 Finally, as the germanium layer is very thin and close to the surface, band bending, not considered in the calculation, might shift the recombination energy.
In conclusion, we have shown that high quality n-doped tensile-strained germanium layers can be obtained by metalorganic chemical vapor deposition on InGaAs buffers using IBGe as germanium precursor. These results open the route to the fabrication of highly-strained n-doped germanium layers which could exhibit net optical gains 23, 24 and potentially be embedded in resonators like photonic crystals. The diamond corresponds to XRD, the squares to Raman measurements and the triangles to photoluminescence measurements. The full line corresponds to the expected full strain transfer from the InGaAs buffer to a coherently grown Ge layer.
